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INTRODUCTION

The theory and practice of seismic array design, and of event detection at seismic arrays, are sub-
jects with a long history. Studies began well before the installation of the Large Aperture Seismic
Array (LASA) in Montana in 1965 and, with one or two recent exceptions, seismic array design

theory was brought to a mature state by workers in Norway and the US in the 1980’s. In particu-
lar, array design methods developed in this time interval were elegantly used to design NORESS.

In the course of building operational arrays and selecting processing methods, some detection
processing methods which promised a few decibel (dB) improvement in detection thresholds were
not implemented. The reason for this was that there were many practical obstacles to good perfor-
mance, such as dealing with data glitches and local events, detecting later phases, and identifying
those phases which were detected. It was thought prudent to solve those practical problems
before attempting to implement refinements.

At this point in time (the year 2000), there are two reasons to revisit the subject of threshold
improvement: (1) substantial effort has gone into solution of the practical obstacles outlined
above; (2) software processing systems have been constructed which are robust enough that addi-
tional processing can be coded and tested in an operational environment fairly easily; and (3) a
worldwide network of infrasound arrays are to be installed de novo. It is important that existing
and new methods of array design be exploited properly so that these infrasound arrays will be
installed with proper designs the first time. We also should begin to exploit processing methods
which promise improved thresholds but which have not, to date, been fully tested.

The outline of this report is that first we review the current standard of seismic array design, and
the operational detection techniques, both coherent, incoherent, and single-channel, which are in
place today.

We then discuss the properties of the “F Detector” process and possible benefits which might
result from applying it for seismic and infrasound arrays. Following this, we discuss the different,
not currently implemented, methods of detecting on individual traces, including optimal fre-
quency filtering and stabilization of the false alarm rate.

Finally, we recommend combinations of array and single channel processing techniques which
should be tested for implementation, and also discuss how existing array design techniques should
be applied for the planned international network of infrasound arrays and for special seismic
applications.



STANDARD ARRAY DESIGN AND PROCESSING FOR
SEISMIC DETECTION

Array Design.

Among the first seismic arrays were those built to specifications recommended by the Geneva
Conference of Experts in 1958, see, e.g., Carpenter (1965). The dominant noise on short-period
surface vertical instruments in most systems existing then was caused by wind, and it was known
from studies (C. Romney, personal communication; Blandford and Clark (1971)) that wind-gen-
erated noise was uncorrelated at a spacing of approximately 0.6 kilometers (km). (This analysis
was actually originally performed by observing Lissajou figures on an oscilloscope!)

Due to lack of computer power, it was desired to cancel the noise by direct summation of the ana-
log traces so as to form an infinite velocity teleseismic beam. Therefore, the instruments had to be
spaced closely enough that the signals were substantially in phase. A velocity of 12 km/second
(sec) with moveout less than one-quarter cycle at 1 Hertz (Hz) would imply an array 3 km in
diameter. Thus, the Geneva arrays (e.g., Blue Mountain Seismic Observatory (BMSO)), shown in
Figure 1, have a diameter of 3 km or less, and a minimum spacing on the order of 0.5 km. The
minimum spacing was actually selected to be somewhat greater than 0.5 km because, when there
was little wind, the propagating mantle P wave seismic noise, which remains correlated to greater
distances, becomes an appreciable fraction of the total noise background.

Subsequent érray designs have been more sophisticated, but have not exhibited superior physical
insight or better matches to the available computer power.

Teleseismic Array Design.

The next array design (Green et al., 1965; Frosh and Green, 1966), the design for the LASA in
Montana, was performed under conditions of a perhaps inadequate understanding of the signal
and noise character. As a result, the array as built did not meet expectations.

Figure 2 shows the design of the array as built. The subarray design was constrained by the desire
to reject coherent surface Raleigh waves with velocities between 2.5 and 4.0 km/sec, and frequen-
cies between 0.2 and 5.0 Hz. To avoid spatial aliasing, a minimum spacing of 0.5 km was
required. To make the subarray beam narrow enough that a teleseismic beam could reject Raleigh
waves at 0.2 Hz, it was necessary to have a diameter of 7 km. Assuming a geometrical layout of
six radial arms of seismometers, approximately 25 instruments per subarray were needed.

As slightly more than 500 seismometers were readily available, it was possible to have 21 subar-
rays. The maximum array diameter of 200 km was selected in order to give a reasonable teleseis-
mic location capability assuming perfect signal correlation. The subarrays were placed on a
logarithmic spiral so that the beam width would be approximately constant with signal wave-
length. The constant for the spiral was chosen so that there would be an approximately uniform
density of subarrays and elements at the center of the array. '

2




Green (1965) recognized that if the signal correlatlon was low, a reduced diameter array would
still contain a large number of seismometers.

What were the flaws in this array design? First, the array was designed in order to reject coherent
microseismic noise, with peak frequency near 0.2 Hz, while passing a teleseismic signal undis-
torted. This noise is very high in amplitude and, therefore, its spectral matrix must be very stable
in time; the instruments, local site installation, and site geologies must be very well matched; and
the processing must be very high in precision, in order that a multichannel processor based on a
preceding noise estimate can reduce subsequent noise at 0.2 Hz to an amplitude comparable to the
noise displacement amplitude at 1 Hz. Otherwise, while there may be improvements in discrimi-
nation for larger signal-to-noise (S/N) events based on a more complete picture of the waveform
as a function of frequency, there would be only minimal improvement of detection over that
obtained by a bandpass filter centered at 1 Hz. This is because improvement of the detection
threshold requires detection of smaller events, with approximately flat displacement spectral
shapes, at the margin of detection. Despite considerable effort by workers at Texas Instruments
and Lincoln Labs (see, e.g., Capon et al. (1968)), this large reduction in 0.2 - 0.8 Hz noise could
not be accomplished. Therefore, nearly equivalent S/N and bandwidth could be achieved simply
by high-pass filtering.

Once it became clear that the closely-spaced LASA subarray seismometers were not needed to
reject 0.2 Hz Raleigh waves for detection, it also became clear that the seismometers were too

closely spaced for simple beamforming for N2 noise reduction at 1 Hz; the correlated noise
between the closely spaced sensors reduced the beam S/N. As a result, the inner two rings, 9 of
the 25 sensors in each subarray, were removed soon after installation. Even more sensors and
outer subarrays were removed in subsequent years of operation as it became clear that the closely-
~ spaced sensors introduced correlated noise, and the outer subarrays contributed little due to poor
signal correlation. See, for example, Blandford and Clark (1971, 1975).

A second flaw in understanding of the signal and noise was, as Green (1965) may have suspected,
that signal correlation across the 200 km aperture was poor at 1-2 Hz, where the peak S/N is
located for teleseismic events. See, for example, Capon et al. (1968), who point out a 9-to-1 vari-
ation in signal amplitude across the full array; and Flatte and Wu (1988), who conclude that at
NORSAR at 2 Hz the root-means-square (rms) log amplitude fluctuation is 0.41 with a coherence
scale less than 18 km. Flatte and Wu also find that the coherence scale for phase (arrival time
variation) is equal to 18 km. Since 18 km is much smaller than the 200 km aperture of LASA, it
is very likely that a smaller array would give more precise slowness estimates for an equal number
of deployed seismometers. The increased signal coherence would result in a greater gain in azi-
muth estimation precision than the decreased aperture would lose. A theory which makes possi-
ble a quantitative assessment of this idea has recently been developed by Shumway et al. (1999).



Regional Array Design.

The NORESS array was the first array designed with monitoring of high-frequency regional seis-
mic signals in mind. Among the first to survey the correlation of signal and noise with a view
toward regional array design were Mrazek et al. (1980) and Der et al. (1984). However, the first
actual design of a regional array began with a survey of signal and noise correlation by
Mykkeltveit et al. (1983), as exemplified in Figure 3. We see that the maximum distance for a

fixed value of signal or noise correlation is a function of frequency.

With these data in hand, Mykkeltveit ef al. were able to calculate GZ, the power gain in S/N, as

G- Lr-1ye
I+(N-1)p

where N is the number of elements in the array, and ¢ and ;'5 are the average correlation over all
array element pairs of the signal and noise correlation, respectively.

The overall design procedure is described in Mykkeltveit (1985) where he estimates the parame-
ters for the array from a family of array geometrical designs suggested by Followill and Harris
(1983).

Quoting from Mykkeltveit (1985):

“They proposed a geometry based on concentric rings spaced at log-periodic intervals in
radius R, according to the relation:

n
R=Rmin-oc n=20,123.

“Their design includes the deployment of an odd number of elements symmetrically distrib-
uted in azimuth, and it has the following attractive features:

" «With an odd number of elements in each ring, the corresponding co-array (defined as the set
of all intersensor separations in vector space) pattern has no overlap among its points, i.e., it
samples the wavefield in the best possible way, in this respect.

“Designs based on (the above formula) comprise comprehensive subsets of sensors with very
different typical intersensor separations, implying that both high-frequency and low-fre-
quency phases could be well-enhanced by appropriate subsets of the array.

“The beam patterns for the above designs are favorable, with narrow main lobe yielding good
resolution in phase velocity and azimuth and absence of cumbersome side lobes.”

The constants in the above equation were evaluated in order to maximize the S/N for selected fre-
quencies and phases. In addition, the loss of correlation of the signal was reported to have been
used to evaluate the width of detection beams as a function of array aperture. This was used as a
proxy for the loss of location capability as a function of array aperture, and results in an optimum
intermediate aperture; location capability does not increase indefinitely as array aperture

increases. A similar analysis was reported on in detail by Mrazek et al. (1980).
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| These analyses yielded the optimum design seen in Figure 4, for which Rmin = 0.15 km and
o = 2.15.

There are a couple of minor criticisms possible with respect to this design.

First, the signal correlations seen in Figure 3 are, in part, suspect. We see that the Pn correlation is
worse at 0.8-2.8 Hz than it is for 2.4-4.8 Hz. This almost certainly reflects poor S/N at the lower
frequencies and is not a characteristic of the signal itself. As support for this interpretation,
Kvaerna (1989) and Harjes (1990) show much higher correlation, and the correlation decreases as
frequency increases.

A second critique is that the half-width of the beam is not actually a good measure of an array’s
location capability. A better approach, in effect, looks at the roughness due to noise and lack of
signal correlation near the peak of the lobe. This roughness limits the precision to which the peak
may be found. The analysis may be found in Shumway et al. (1999), and is applied to infrasound
array design by Blandford (1997, 2000).

Harjes (1990) showed correlations for Pn, Pg, and Lg in the passbands 1-2 Hz and 2-4 Hz for dis-
tances out to 3 km. Roughly speaking, correlations remained above 0.9 for Pn and Pg all the way
to 3 km. For Lg, the correlation was >0.9 for 1-2 Hz, and roughly >0.8 for 2-4 Hz.

These correlation values, considered together with the noise correlations seen in Figure 3, would
support a minimum spacing of 1 km (instead of the 0.15 km found in the NORESS design) in that
| noise would be cancelled for low (e.g., teleseismic) frequencies, but little significant signal would
| be lost up to 4 Hz.

This was one of the considerations in the design of the new International Monitoring System
(IMS) seismic stations, some of which have two rings of three and five elements each, for a total
of nine elements; the radius of the innermost ring is 1/3 to 1/2 km and the radius of the outermost
ring is 2 km.

It may be noted that such an IMS array design seems to be on the verge of undersampling in space
for some signals of interest, for example, a 3 Hz Lg may have a wavelength of 1 km. However,
__array responses show that, even in this case, all side lobes in the velocity and frequency ranges of
interest are down about 6 dB or more which, as we shall see, should prove sufficient to decide on

which beam a strong detection arrived or, for a weak signal, to cause no detection to occur on a
side lobe.

Beam Type.

Given an array design, the next step is to determine a suitable beam deployment. For NORESS,
the results of such an analysis is presented by Mykkeltveit et al. (1990).

An indication of the approach taken by Mykkeltveit et al. to determine the beam deployment was
given by Kvaerna (1989) who determined the elements of NORESS which should be included at
each frequency band in order to detect teleseismic and regional P waves.
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Coherent Beams.

Figure 5, from Kvaerna (1989), shows the empirically determined NORESS elements which
result in the highest S/N as a function of frequency. The S/N represents the best combination of
signal loss (SLOSS) and noise suppression (NSUPP). We see that for high-frequency (5-10 Hz
regional) P waves there is roughly 4 dB of signal loss in the optimum array, which comprises all
25 elements of this 3 km aperture array. It is noteworthy that, at these frequencies, the A ring, at

150 meters radius, appears to contribute fully to the expected N7 poise suppression of 14 dB.

Figure 6 shows the table of NORESS Beam deployments from Mykkeltveit et al. (1990). Quoting
from Mykkeltveit et al.: ,

“The NORESS beam deployment in use since 13 April 1989 is given in (Figure 6). It is com-
posed of 76 beams, of which 66 are conventional, coherent ones. These 66 beams are aimed
at detection of P phases at all frequencies, and are designed and deployed in accordance with
the criterion that the gain loss due to missteering should be less than 3 dB for any signal from
any direction, arriving at NORESS with an apparent velocity above 6.0 km/sec. The subcon-
figuration defined for each of these beams is the one that has been found to provide the best
SNR [signal-to-noise ratio] gain for the frequency band in question (see Kvaerna, 1989).

“It is found ... that the Pn and Pg phases are best observed on vertical channels but in different
frequency bands (here: 10 to 16 Hz for Pn and 3.5 to 5.5 Hz for Pg). The Lg phase stands out
clearly in the 1 to 2 Hz band, also on vertical channels” - ;

Incoherent Beams.
Continuing the discussion of Mykkeltveit et al. (1990):

“The onset of the Sn phase, however, is very often found to have an impulsive character on the
horizontal channels and in a relatively high filter band (here: 5 to 8 Hz) ... Incoherent beams
are particularly suited for detection of secondary phases, which are often of an emergent
nature. Ten such beams are included in the NORESS beam set, and are specifically aimed at
detecting Sn (beams NH01-04) and Lg (beams NV01-06) arrivals. Details on incoherent
beamforming are given in Ringdal et al. (1972, 1975).”

Ringdal et al. (1975) conclude that “incoherent beamforming at NORSAR is generally superior to
conventional beamforming in detecting near-regional seismic events ... and very high frequency
signals.”

Despite the above empirical conclusion, theory developed in Ringdal et al. concluded that inco-
herent detectors would be substantially inferior to a detector on a well-correlated signal. How-
ever, Wirth et al. (1971, 1976) concluded theoretically that an incoherent detector could be nearly
equal in capability to that of a coherent detector on a perfectly correlated signal. Their theoretical
conclusion is therefore in agreement with the empirical conclusions of Ringdal ef al.




The differing thresholds seen in Figure 6 are determined, as discussed by Kvaerna et al. (1987),
by running the differing beams on a noise sample believed to contain no signals. The thresholds
are adjusted so that there is an equal false alarm rate on each beam.

Filtering.

Vanderkulk et al. (1965), drawing on the work by Freiberger (1963), assumed that the optimum

frequency pre-filter for detection of weak signals is of the form S(f)/N%(f), where S and N are the
signal and noise amplitude spectra. N can be estimated directly as the noise in the absence of sig-
nal, and S can be estimated by the product of the source spectrum (flat to displacement for small
events) times the instrument response, times attenuation.

Because the attenuation is less for regional signals, the optimum filters for regional signals pass
more high-frequencies.

There may be special situations where the above recipe for estimating S is not correct; for exam-
ple, for some phases, e.g., Lg or LR, the source function is shaped by the response of the earth.
Or, as another example, the site response may have a resonance. In those cases, it may be neces-
sary to observe S directly for a large event and to use some means to extrapolate the signal shape
to that which would be appropriate for smaller sources.

Vanderkulk et al. (1965) concluded that a suitably selected bandpass filter could be sufficiently
close to the optimum filter that only about 1 dB would be lost in threshold. A similar result was
obtained by Mykkeltveit and Bungum (1984). As a result, with only one exception of which I am
aware (i.e., the AFTAC TOSS system), bandpass filters have been used as filters in most opera-
tional systems.

It seems worth remarking at this point, however, that an updated optimal filter could take advan-
tage of changes in noise spectral shape, e.g., from changes in the wind or cultural noise sources.

This could be a substantial practical advantage over and above any small advantage the optimum
filter might have when N is unchanged in time.

Detection Trigger.

The standard approach to detection on a beam was perhaps first implemented by workers at IBM:
IBM (1972), Vanderkulk et al. (1965). In that approach, the beam was rectified and an average
(STA) over a short time period, e.g., 1 second, was computed.

Then the STA was recursively smoothed with a time constant of perhaps 30 seconds to form the
long-term-average (LTA). Detection was performed for excursions over a threshold of the
STA/LTA.

Vanderkulk showed that rectifying instead of squaring the beam (which is the optimum process
according to detection theory) only degraded the detection threshold by less than 1 dB. Since rec-
tification was less costly in computer processing, and was also less vulnerable to noise spikes, rec-
tification was adopted as the standard.



Azimuth Estimation.

In the LASA system, the detection azimuth was determined as the beam on which the highest STA
was observed. However, with the advent of incoherent processors, STA values for different beams
became incommensurable. Therefore, a new method of azimuth estimation was developed in which
a broadband fk spectrum was calculated after each detection, and the maximum amplitude peak was
selected as the azimuth. This approach is discussed by Kvaerna and Doornbos (1986). Of course
this method may give poor results for poor S/N events detected on incoherent beams.

Detection and Feature Extraction (DFX).

The DFX system (Wahl, 1996a,b) embodies many of the detection ideas that we have discussed in
this section. One may specify beams, as in Figure 6; specify the STA and LTA integration times;
rectification or squaring of the beam; and specify that a beam be coherent or incoherent.

DFX also offers the option of detecting using the “Z” or “log Z” statistic instead of using STA/LTA
(Blandford, 1981; Shensa, 1977). For the “Z” statistic, the standard error of (STA-LTA) is recur-
sively estimated and divided into the difference (STA-LTA). For the “log Z” detector, the STA is
replaced by log(STA), the LTA is a recursive estimate of log(STA), and the standard error is esti-
mated on the difference. A working hypothesis is that the resulting variables have a normal distri-
bution, and this provides some guidance in setting thresholds. Lacoss (1972) may be credited with
originally developing the concept of holding the false alarm rate constant by normalizing detecting
on a variable normalized by its estimated variance.

~ Also, the fact that the standard error is recursively updated can, in principle, provide some ability to
hold the false alarm rate constant under changing noise conditions which may increase or decrease
the bandwidth of the noise and, thus, the variability of the STA, as seen through the detection filter.

The background and relative performance of these different detection statistic approaches are dis-
cussed in the “Detection on Single Channels” section later in the report.




F DETECTION FOR SEISMIC ARRAYS

Despite the historical dominance of the simple STA/LTA detection procedure outlined in the pre-
ceding section, there has been a modest amount of research into the “F” detector, see Blandford
(1974) for history.

Instead of estimating the LTA from past noise, the F detector estimates the noise from data in the
same time interval which defines the STA.

It performs this neat trick by subtracting the beam, suitably time-shifted, from each individual
channel. If there is perfect correlation, and if the moveouts are perfectly estimated, then the resid-
ual is the noise “under” the signal. This noise is averaged over all channels and this then forms
the noise estimate or “LTA” although it is not, of course, averaged over a long time.

The F detector does not, in theory, have a higher probability of detection for a fixed false alarm
rate than does the STA/LTA detector. However, it has a number of appealing qualitative properties
which may be of practical importance and which may, in fact, lead to lower thresholds

Theory of Qualitative Behavior of F Detector.

To begin to discuss the qualitative properties of the F detector, let B represent the power of the fil-
tered beam averaged over some time window. Let P represent the average of the M filtered single-
channel powers, averaged over the channels. Then,

B
F = (M—I)P—_'E

This formula is valid if the expected value of the trace means is zero. This will be the case for the
filtered traces which are of interest for our application.

The denominator has, as displayed above, been algebraically simplified from a different expres-
sion which may be more easily understood from a physical point of view. That expression is the
difference between an individual channel and the beam waveforms, squared and averaged over
time and over channels.

It is clear from this latter formulation that the denominator amounts to the residual noise. It is
also clear that, unless the channels are well correlated, the denominator will be larger than the
noise and that F will not reach the maximum possible value.

Special Cases.

We will now discuss several cases of interest:

First, what is the value of F when there is an identical signal with power S2 onthe N channels, and

no noise? This corresponds to the arrival of a high S/N event. In that case, B=P = S2and F is
infinite.



Next, what is the value of F when all channels are zero except for one channel with power S22

This corresponds to a large spike on a single channel. In that case, P = S2/M; B = S%/M? since the
signal amplitude is S and the beam amplitude is therefore S/M. Then, doing the simple algebra,
we find that F is identically 1. So a large spike does not cause the F statistic to fluctuate above 1.0
which is, as we shall see next, the expected value of F in the presence of uncorrelated noise. Thus,
data glitches (and large off-beam events) will not cause an F detector to generate a spurious

detection.

Next we estimate the value of E(F), the expected value of F, when there is random uncorrelated
noise on each channel with expected amplitude 1.

We know that E(B) = 1/M?, and E(P) = 1. Again, doing the simple algebra, we find that E(F) = 1.
So, in the absence of signal, and in the presence of uncorrelated noise, the expected value of F is
1.0.

A useful point is that this result also shows that if F is input as the STA to an STA/LTA procedure,
the threshold on STA/LTA is expected to be identical to the threshold for F alone since LTA=E(F)
=1.

Before going on to determine thresholds from the statistics of the F distribution, let us consider a
final case: a poorly aligned strong signal. Consider the case of only two channels, M= 2. Let the
signal be of the form [1 -1]. For this signal, P=2. We know that if the channels are perfectly
aligned, then B also is 2 and F is infinite. But consider the case when the channels are aligned one
step off so that the 1 from the first channel is aligned with the -1 from the second channel. Then
the beam is [1/2 0 -1/2]. Then, averaging over a window which covers the signal plus some time
to spare, B is 1/2, and F = (1/2)/(2-1/2) = 1/3.

Thus, in the presence of an off-beam signal, F can be less than 1.0. This illustrates the F response
well away from the main lobe or a side lobe.

This result is reminiscent of, but not the same as, a result from Smart and Flinn (1971) giving a
limit on the value of F on a side lobe with relative power, f.

F<M-D*[f/(1-D]

For example, for a 9-element array, if all side lobes are down 6 dB, a factor of 2 in power, then
F<8/3 =2.66. Since typical short-period seismic F thresholds for false alarm rates of a few per day
are in the neighborhood of 10, there is no risk of triggering a detection on a main beam from a sig-
nal which arrives on a side lobe.

In addition, if, after F detection, azimuth estimation consists of running an fk spectrum in which F
is computed, and if all side lobes are down 6 dB, there will be one peak, the correct peak, for
which both power and F are larger than the side lobes.
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False Alarm Rates and Probability of Detection for F.

F is distributed as the ratio of two X2 statistics and, in the absence of signal, may be notated as
F(Dq, D,, 0). D; =2WT, where W is the filter bandwidth and T is the time over which B and P are
averaged, are the degrees of freedom for the numerator (B), and D, =(M-1)*2WT are the degrees
of freedom for the denominator, (P-B). See, for example, Shumway (1971, 1988).

The zero (0) in F(Dy, D,, 0) expresses the fact that in the absence of signal, the F distribution has
non-centrality parameter, A= 0. In the presence of signal with signal-to-noise amplitude ratio
S/N, A =2WT(S/N)?.

A specified false alarm rate, FAR, may be set by solving for the threshold, T, such that:
P{F(Dl,Dz, 0)2T} = FAR
Then the probability of detection, PD, is given by

P{F(DI,DZ, 2WT(S/N)*) 2 T} = PD

Application of F Detector at the Tonto Forest Seismic Observatory.

An illustration of the F detector in operation at the Tonto Forest Seismic Observatory (TFSO) in
Arizona was reported by Blandford (1974).

Figure 7 is a plot of the deployed short period vertical instruments. The data were filtered 0.5 to
1.5 Hz; the dominant frequency seen through the filter was 1 Hz. Figure 8 is a plot of the 3 dB
contour for the beam on which the F detector operated.

Figure 9 illustrates some of the qualitative properties of the F detector as discussed in the previous
section. The upper set of four traces shows a clear signal arriving on trace #3, which is the beam
directed at the Kuriles. The signal is weak enough that little trace of it can be seen on traces #1
and #2 which are beams directed to other source regions.

Trace #4 is the value of the F statistic, and we see that it rises to a level substantially greater than
the preceding noise fluctuations, suggesting detection.

The bottom four traces illustrate the F detector’s response, #4, on the Kurile beam, #3, to a large

signal arriving on a Hindu-Kush beam, #2. We see the maximum amplitude on beam #2, and a
substantial leakage signal on #3.

11



Despite the substantial leakage on #3, the F statistic on #4 does not rise and, in fact, appears to be
depressed below the noise level. This is in agreement with the qualitative behavior discussed in

the preceding section.

Analysis of a month’s output from this F detector revealed that the detector had a false alarm rate
in accordance with theory for the selected threshold, approximately 0.2 false alarms per day, and a
detection capability comparable to that of a human analyst. In addition, there were no false detec-
tions due to data glitches or to side lobe detections.

The excellent detection performance of the F statistic at TFSO implies that the noise correlation is
close to 0.0, and the signal correlation at 1 Hz, over the 30 km aperture of TFSO, is close to 1.0.

While good signal correlation at these distances seems somewhat surprising, I have not been able
to find good evidence to the contrary in the literature; most published results are for bandpasses at

higher frequencies.

In any event, this example suggests that, in some cases at least, the good qualitative properties of
the F detector may be merged with quantitatively good detection capability. Each application will
have to be judged on its own merits.

It is clear that the F detector will be unsuitable for detecting some array-frequency-phase combi-
nations, e.g., those for which Mykkeltveit ef al. (1990) determined incoherent beams to be opti-
mal at NORESS. If an incoherent beam is superior to a coherent beam, then correlation is
presumably low and an F detector is unlikely to work well. On the other hand, for those beams
for which Mykkeltveit et al. found coherent beams to be optimal, the F detector is likely to work.

Effects of Side Lobes on Power and F Detectors.

To investigate the effect of side lobes on use of the F detector, Blandford (1972) investigated the
fk and F plots for selections of sensors from TFSO. Using a 1 Hz Fox Islands teleseismic event
with a wavelength of approximately 14 km, Figure 10 illustrates the response of a 7-element array
comprising the center element and every other sensor in the second ring of TFSO (see Figure 7).
This array will have minimum spacings only slightly smaller than the wavelength, so some alias-
ing is expected.

In Figure 10a, the main lobe is in the Northwest direction, but we see three other side lobes, two
of them less than 1 dB down.

In Figure 10b, we see the F spectra; we see that there are large values of F at each of the side
lobes, so that it would be difficult to determine the true direction of approach of the signal.

A standard approach to reducing side lobes is to introduce a few sensors at closer spacings in
order to improve sampling. In this case, we add sensors 4, 5, and 6 which, together with sensor 1,
form a 5 km on a side parallelogram array.

Figures 11a,b show that this addition reduces the power side lobes to a degree sufficient to also
reduce the F statistic below levels which would be above a detection threshold.

12




INFRASOUND ARRAYS AND DETECTION

Historical Arrays and Processing.

From approximately the 1950s up until the 1970s, the Air Force Technical Applications Center,
together with other agencies of the US Government, operated a worldwide network of infrasound
arrays. Generally, these arrays consisted of four elements in a rectangle 10 km on a side. Data
were produced in two passbands, flat to pressure: one from 100 seconds to 10 seconds, and a sec-
ond from 30 seconds to 1 second.

Initially, the records were played out on stripcharts and analyzed visually. If the stripcharts were
transparent, the traces could be overlaid in order to correlate waveforms and determine the relative
signal delays. With a set of delays, the back azimuth could be obtained.

In the later stages of the network, an N4 correlator, Melton and Bailey (1957), Brown (1963),
Bedard and Caldwell (1970), was used to analyze the data. Input to the correlator was from mag-
netic tape. Moveable heads were used to introduce delays, and the output from these heads could
be frequency-filtered and summed for a range of slownesses and azimuths. This process
amounted to continuously computing a set of frequency-filtered beams. Presumably a peak in the
beam would lead to manual inspection of the individual traces to detect correlation.

Since the signals of greatest interest were typically in the period range of 100-30 seconds, with
wavelengths of perhaps 30-10 km, the signals were generally adequately sampled in space and
there was no spatial aliasing problem.

Correlation must be used as a detector in addition to power (as is done for seismic systems)
because most infrasound noise is due to pressure fluctuations advected by the wind and, as a
result, there are frequent large bursts of noise on the sensors. A power detector will trigger on
these bursts, and this would introduce a high false alarm rate. Noise bursts do not introduce
increases in correlation. :

Beamforming, Relation of F to Average Correlation.

As we have seen in the discussion of the qualitative properties of F, high values of F are associated
with high values of correlation. In fact, Katz et al. (1999) has shown that the expected values of F
and (M-1)(c/(1-c)) are equal, where c is the average cross-correlation.

We see that there are two different ways to compute an F detector: either as an average over cor-
relation pairs for a set of beams, or as implicit in the formula F=(M-1)(B/P-B)) discussed -
previously.

The resistance of the F detector to noise bursts corresponds to the resistance of correlation to
noise bursts.

13



Modifications of DFX to Compute F.

In the DFX system (Wahl, 1996a,b), beamforming and filtering take place in the C routine
beam_create which resides in the file beam.c in the library libbeam.

The routine beam_create returns a filtered beam which is, for short-period seismic data, typically
15 minutes long, to the C routine compute_stav which resides in the file stav.c in the library libde-
tect. The routine compute_stav actually computes a time series of STA values from the returned

beam.

In order to compute F instead of STA in compute_stav, it is necessary to return to compute_stav
the 15-minute time series of the average single station power, P, in addition to the beam.

As it happens, this is easy to arrange, since the beam is calculated within beam_create by sequen-
tially adding time-shifted and filtered channels into the time-indexed beam vector until all chan-
nels have been added. Immediately after a channel has been added to the beam, it may then also
be squared and added to a new time-indexed vector which becomes P after all channels have been
added. This additional computation to compute P is almost negligible when compared to other
processing, e.g., filtering, which occurs in beam_create. Then P may be passed back to
compute_stav along with the beam.

It has often been thought that it could be expensive in computer time to compute F if there were a
large number of beams as compared to channels because, instead of having only to filter the beam,
it is necessary to filter the individual channels.

Since this filtering of individual channels must also occur for incoherent beams, incoherent beams
in the existing DFX system require extra computation as compared to coherent beams.

All the filtering in DFX occurs within beam_create, and the existing DFX structure makes it
unclear how difficult it would be to alter the system in order to filter the channels, before a series
of calls to beam_create, as a preparation for computing a large number of beams for one filter and

one time period.

We may modify DFX to remove this extra computational cost by statistically storing the filtered
channels within beam_create, and by checking the input parameters each time beam_create is
entered to see if the existing filtered data can be reused. Since several beams, e.g., for a range of
azimuths and slownesses, for a fixed filter are typically called sequentially, it is usually the case
that the filtered channels can be reused.

As a result of these modifications to DFX, calculation of F and of incoherent beams will not gen-
erally require significantly more computation than do standard beams.
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Observed Infrasound Noise and Signal Correlation and S/N.

Mack and Flinn (1971), using data observed at the Large Aperture Microbarograph Array
(LAMA), collocated with LASA, assumed that an arriving signal could be represented as a distri-
bution in wavenumber space.

Assuming that the signal had a spread in azimuth of 5°, and a spread in slowness of 0.015 km/sec,
this approach yielded theoretical curves which matched coherence measurements for intersensor
spacings of 50 to 7 km, and periods of 100 to 10 seconds.

Blandford (2000) reported that historical data recorded at a 1 km aperture array 700 km from a 2.6
kiloton (kt) nuclear explosion in the South Pacific confirmed the Mack-Flinn coherence expres-
sions, and showed good S/N at 2 and 1 seconds period.

However, the historical data was of marginal quality at 1 Hz, and the distance range was too short
to comfortably be applied to the IMS network of stations which typically are separated by 2000
km.

This latter point is especially critical, since many signals observed from distances near 500 km
exhibit excellent correlation at 2 and 3 km spacing for 1 Hz, whereas the Mack-Flinn relation pre-
dicts poor correlation. See, for example, Blandford (2000). The tentative explanation for this par-
adoxical result is that the closer signals are not scattered into as large a region of wavenumber
space as are the more distant signals. Nonetheless, any convincing data must come from ~2000
km distance.

Such data is now available from shuttle launches at Cape Canaveral as recorded at array station
DLIAR at Los Alamos, New Mexico, and at array station Lac du Bonnet near Winnipeg, Canada,
distances in the neighborhood of 2500 km. The energy released by the shuttles is approximately a
kiloton of chemical explosive, released over the course of approximately 10 minutes as the shuttle
rises from ground level to 50 km.

Figure 12 shows raw and filtered signals as recorded at the two sites, Figure 13 shows the signal
and noise at DLIAR, and Figure 14 shows the signal and noise at Lac du Bonnet, Winnipeg.

We see that the best S/N is near 1 Hz at both stations. Analysis of the signals at DLIAR, follow-
ing the procedures outlined in Blandford (2000), was distributed in an 04 November 1999 memo-
randum by Blandford (see Appendix). The memorandum concludes that the correlations near 1
Hz fit the Mack-Flinn model. McCormack (personal communication) analyzed the Lac du Bon-
net data and also found correlation values near 1 Hz that fit the predictions of Mack-Flinn.

Blandford (2000) concluded that if the Mack-Flinn parameters were correct, and if S/N peaked
near 1 Hz, that, then, 1 km was the optimum array aperture for both detection and location

purposes.
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Aperture and Side Lobes.

However, note that if processing is ideally performed near 1 Hz, that a 4-element, 1 km aperture
array is undersampled in space; the wavelength at 1 Hz is approximately 0.35 km, but the closest
spacing of elements is ~0.5 km.

As we have seen previously in this report, the large side lobes attendant on undersampling will
lead to large values of correlation and F at those side lobes, so that detection and location process-
ing using standard beamforming techniques will be difficult.

Of course, for high S/N and bandwidth, it will always be possible to select distinctive features on
the time traces to determine relative delays and to determine the back azimuth of a plane wave.
But to detect and locate weak signals, there is no alternative to beamforming in one of its many
forms as an element in power detection, F detection, or average cross-correlation.

As seen before, the straightforward solution to this undersampling problem is to install a supple-
mental small aperture array together with the large aperture array.

Figure 15 shows the 1 Hz array response of DLIAR, a 4-element 1-km aperture array near Los
Alamos to a signal arriving from the north at 0.33 km/sec. We see that there are many side lobes
and conclude that signal processing using beamforming techniques would be extremely difficult.

Figure 16 shows the same array, but with the addition of a small (200 m aperture) subarray of
three additional sensors to the southeast of DLI04. The side lobes are greatly reduced in number,
and the peak relative power is 0.8 (2 dB down) instead of 0.9. This difference may be sufficient to
resolve detection ambiguities, although a value of 0.5 (6 dB) would be desirable. More array
response studies are needed.

How serious a problem are the side lobes in Figure 16? Figure 17 shows the response of the
enhanced 7-element array at 0.5 Hz. There are some rather large side lobes with relative powers
of 0.7 (3 dB). But note that these maxima are, of course, at different locations than the 1.0 Hz side
lobes as seen in Figure 16. So, if the signal has a bandwidth of 0.5 to 1.0 Hz, most ambiguities
should be resolvable since only on the main lobe will the peaks be in alignment.

It is worth noting the large number of beams required by these arrays for detection at 1 Hz.
Requiring an overlap at the 2 dB contour, and covering velocities from 0.25 to 0.45 km/sec (plus a
few beams near infinite velocity to catch seismically generated infrasound), the 1 km 7-element
array requires approximately 300 beams. A 2 km aperture 7-element array would require perhaps
1200 beams. Compare these numbers to the requirement of only about 10 beams for an 0.2 km
aperture 4-element array, similar to those historically deployed by Los Alamos.

One possible processing mode would be to detect only with the central four elements, and then
locate using the full 7-element array, which will greatly improve accuracy. This sequential proce-
dure would, however, lose about 2 dB in detection threshold over what could be obtained by pro-
cessing the full array.
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DETECTION ON SINGLE CHANNELS

Blandford (1981) evaluated the performance of several detector algorithms on single channels of
signals buried in noise by plotting the detector’s false alarm rate versus the number of detections.
Since the signals were buried for a range of amplitudes, it was possible to transform the number of
detections into a relative log-amplitude threshold scale in units of mb.

The best detector was found to be one in which the data were pre-filtered with the optimum filter

(Freiberger, 1963), of the form S/[N(S? + NV 21, where S is the signal amplitude spectrum
adjusted in amplitude to be equal to or less than N at all frequency; i.e., S just touches N from
below.

Note that the above expression converges to the well-known S/N? form in the limit of small S.
However, it is better to design the detector to be optimum at the amplitude value resulting in a S/N
level where there is some chance of detection, instead of where there is no doubt, that the signal

will be detected. It was found that the amplitude-adjusted filter was 0.02 mb better than the S/N 2
filter. (In the limit of large S, the optimum detector is 1/N, a noise pre-whitening, or prediction-
error, filter. This is obviously a limiting case of little interest, and was shown to be 0.25 mb infe-

rior to the S/N2 filter for low S/N events. Gjoystdal and Husebye (1972) reach a similar
conclusion.)

The signal spectrum, S, is determined analytically as the product of a flat source spectrum appro-
priate for P for small events, times the instrument response, times a suitable attenuation. For P
signals recorded at NORSAR, Blandford (1981) found the optimum attenuation t* to be 0.0; for
signals recorded at the Pinedale Wyoming array, the optimum t* was 0.3.

The noise spectrum, N, may be directly calculated from the recorded data. It is important that this
spectrum be very stable. Blandford (1981) showed that if it were averaged over only about 50
seconds, the spectrum was unstable and led to poor detection for a fixed false alarm rate. The
noise spectrum must be continuously updated, like the LTA, but with a longer time constant. Just
as the LTA must be protected from being distorted by signals, so must the smoothed noise
spectrum.

At both NORSAR and Pinedale, the optimum STA averaging period was 10 seconds; it was ~0.05
mb units superior to 3 seconds. However, this large window may not be optimum for an array
where loss of coherence, and thus S/N, often occurs a few seconds into the signal due to near-
receiver scattering.

The optimum amplitude measure was found to be the square of the filtered data as contrasted to
the absolute amplitude. This is fortunate because squaring is, of course, required for calculation
of the F statistic. It was found that the difference was only about 0.01 mb units; this small value is
compatible with similar small values found by Vanderkulk (1965) and others.
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The optimum number of times to require that the detection statistic exceed the threshold in suc-
cession was found to be 1. This is in agreement with theoretical conclusions by Wirth et al.

(1971, 1976).

For reasons not completely understood, the combination of the logZ statistic with the amplitude-
adjusted S/IN(S? + N2)1/ 2] optimum filter gave the best performance of all combinations tested.

It is important to realize that this detector performed better than did experienced analysts, so that
it is impossible to use analysts as a test of the relative performance of detectors. Some other
method must be used, such as signals buried in noise, or performing detection on single channels

of events detected at arrays, as done by Blandford (1982).
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SUGGESTIONS FOR DEVELOPMENT

The foregoing discussion makes it possible for us to outline a plan for development of the seismic
and infrasound detection systems.

Seismic Detection System Development.

The first step would be to examine the existing deployment of coherent beams, to verify that one
would expect coherent signals on those channels, and to verify that the assigned fixed frequency
filters are appropriate. Then the STA/LTA detection algorithm on those channels can be replaced
with an F detector, operating with a <10-second STA. (As noted above, signal coherence at an
array may degrade in a shorter time interval than 10 seconds; this will need to be examined. In
that case, the STA should extend only over the time that the signal remains coherent. For exam-
ple, it appears that for P waves at ARCESS from Novaya Zemlya, the 5 Hz signal passband where
the S/N peaks remains coherent only for 1 second.)

Since ARCESS is an array identical in design to NORESS, whose beém deployment has been
developed by expert workers from NORSAR as has been discussed in this report, ARCESS would
be a plausible first array for which to modify the detection system.

The relative performance of this system can be evaluated by testing if it results in an increase in
weak arrivals associated to analyst-verified large events, and if there are additional small-magni-
tude events created.

The next step in analysis would be to implement optimum filters in beam_create to replace the
existing recursive fixed bandpass filters. This implementation will require some care. It is impor-
tant to realize that on a beam, as contrasted to a single channel, the estimate for N should be per-
formed using the noise on the beam, not on a single channel. The beam will have decreasing
noise amplitude as frequency increases, as compared to the single channel. Also, some estimate
of signal loss as a function of frequency should be made for each beam and implemented into the
signal model, S. '

The logZ statistic (Blandford, 1981; Shensa, 1977) should also be implemented with the optimum
filter. Actually, logZ could be introduced at an intermediate step in order to ensure that each suc-
cessive change behaves as expected and does not degrade performance. Each enhancement could
be tested by the same means as above.

For each array, the system performance on regional signals should be evaluated, and incoherent
beams deployed if the signals are incoherent at the appropriate phase and frequency.
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Infrasound Detection System Development.

There is little question that the F detector is appropriate for infrasound detection. Since opera-
tions using standard digital beamforming are in their infancy, it seems suitable to begin with one
of the existing on-line, 0.2 km aperture, 4-element arrays for which only a few beams are needed
and for which there is no ambiguity due to side lobes.

The LSAR array would seem to be a good first selection, since it is nearly collocated with the 1-
km aperture array DLIAR, and detections on the two systems may be compared.

The detector should be run over several days of LSAR data, perhaps using an 0.5 to 2.0 Hz prefil-
ter, and an STA of a few minutes; its performance should be evaluated by analyst scanning of
detections, and of the noise between detections.

A next study might be to evaluate a method of analyzing DLIAR as a spatially-aliased array; this
capability may be needed if such arrays are installed. A suggested method is to form the many
beams required to detect in the 0.5 to 2.0 Hz band, and then follow with an fk analysis which
includes longer periods, perhaps extending to 0.2 Hz. The detections and azimuths may then be
compared with those determined from LSAR to see if they are at least qualitatively correct.

In the cases where the longer period noise is well-defined and propagating, as is presumably the
case in Figure 14, where the Lac du Bonnet noise near 0.2 Hz is presumably microbaroms, the
DLIAR azimuth estimates should be enhanced by running the multiple signal “stripping” model
discussed by Mack and Smart (1973), and the exact multi-signal fk processor recently developed
by Smart, personnel communication (2000).

Further development would include optimum S/NZ-type filters, and a channel-mean-square-
weighted F statistic approach as suggested by Shumway (personal communication). This latter
capability will enable detection even if there is high noise on two of the four channels. Thisis a
capability greatly to be desired in infrasound systems where there are likely to be only four chan-
nels installed, and where it is common for wind noise conditions to be substantially different on

different channels.
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Plateau, Uinta Basin, Tonto Forest, and Wichita Mountain Seismic Observatories
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200 km

Figure 2. Configuration of early LASA design. LASA was installed in Montana with the center

of the A0 subarray at 46.6886°N, 106.2222°W. It was operational between 1966 and 1978. Com-

munication headquarters was in Billings, Montana.
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Figure 3. Signal and noise correlation estimates from a temporary array deployed near the NOR-
ESS site (60.735°N, 11.541°E) (from Mykkeltveit ez al. (1983)). Correlation versus distance for
Pg, Pn, Lg, and noise for the five frequency ranges indicated. Each curve is based on measurements
from 66 combinations of sensor pairs. For bandpasses with lower limits near 1 Hz, the noise corre-
lation passes through 0.0 near 1.0 km. For bandpasses with lower limits above 2 Hz, the noise cor-
relation passes through zero near 0.4 km. These results are corroborated by results reported by
Harjes (1990) in Germany, whereas signal correlation reported by Harjes is generally higher
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Figure 4. The geometry of the NORESS array. The inner ring, A, is deployed at a radius of
R,,;;=150 m. Successive rings are at radii of successive factors of & = 2.15 so that the D ring

is at a radius of 1.491 km, giving an array aperture of approximately 3 km.
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. NOREéS BEAM ani,ovmzm

Beam Velocity Azimuth Filter Band Threshold Configusssion

NO11 99999.9 0.0 0.5- 15 40 D

~ No21 99999.9 0.0 1.0- 3.0 40 CD
No31 99999.9 0.0 1.5- 3.5 4.0 CD
N032-037 11.0 . 1.5- 3.5 40 CcDh
No038 15.8 80.0 1.5- 3.5 35 Ch
N039 10.0 30.0 1.5- 35 3.5 CD
No41 99999.9 0.0 2.0~ 40 4.0 CD
N042-047 10.2 * 2.0- 4.0 4.0 CDh
N048 158 80.0 2.0- 4.0 35 CcD
N049 10.0 30.0 2.0- 4.0 35 CD
No51 99999.9 0.0 25- 45 4.0 BCD
N052-057 8.9 * 2.5- 4.5 40 BCD
N058 158 80.0 2.5- 4.5 35 BCD
N059 10.0 30.0 25~ 45 3.5 . BCD
NO61 99999.9 0.0 3.0- 5.0 40 BCD
N062-067 10.5 * 3.0- 5.0 4.0 BCD
N068 158 80.0 3.0- 50 35 BCD
N069 10.0 30.0 3.0- 5.0 3.5 BCD
No71 99999.9 0.0 3.5- 5.5 4.0 BC
N072-077 111 . 3.5- 5.5 4.0 BC
NO081 99999.9 00 . 4.0-80 40 BC
N082-087 9.5 * 4.0- 80 40 BC
N091 99999.9 0.0 5.0-10.0 45 BC
N092-097 10.5 * 5.0-10.0 45 BC
N101 99999.9 0.0 8.0-16.0 45 AB
N102-107 9.9 . 8.0-16.0 45 AB
NHO1 99999.9 0.0 2.0- 4.0 2.4 ne
NHO02 99999.9 0.0 8.5- 55 2.4 ne
NHO03 99999.9 0.0 5.0-10.0 2.4 ne
NHO04 99999.9 0.0 8.0-16.0 25 ne
NVo1 99999.9 0.0 0.5- 1.5 2.5 D
NV02 99999.9 0.0 1.0- 2.0 25 C
NVo03 99999.9 0.0 1.5- 2.5 25 c _
NV 99999.9 0.0 2.0- 3.0 25 C |
NVOs - 99999.9 0.0 2.0- 4.0 2.4 C

C

NVo08 99999.9 0.0 3.5- 55 24

Figure 6. NORESS Beam Deployment Table. The table gives name of beam, steering velocity
(in km/sec), steering azimuth (in degrees), filter band (in Hz), STA/LTA threshold, and subconfig-
uration (in terms of which rings are included; the sensor at the central site, A0, participates in all
beams). The NH01-04 beams are incoherent and use the eight horizontal channels (ne in the
table, for north-south and east-west) of the stations at A0, C2, C4, and C7. The NV01-06 beams
are also incoherent, and use vertical sensors as indicated. The remaining beams are conventional,
coherent ones, using vertical channels only. The six coherent beams N032-N037 are identical
except for steering azimuths, which have values of 30°, 90°, 150°, 210°, 270°, and 330°, respec-
tively. The same pattern repeats for other coherent beams further down the table and is indicated
by an asterisk in the azimuth column. Four special coherent beams are steered toward each of the
test sites at Semipalatinsk and Novaya Zemlya (at azimuths of 80° and 30°, respectively).
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Figure 7. TFSO 37-element array in Arizona. Elements 3, 5, 7, 8, 12, and 16 were not used in
the F detector.
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Figure 8. 3 dB contour of the short-period TFSO Kurile beam.
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Figure 9. Detector response traces. (a) The upper four traces show detector response on 0732,
25 April 1970. Trace 3 shows the Kurile beam through the 0.5-1.5 Hz filter. Trace 4 is the detec-
tor operating on trace 3. (b) The lower four traces show the detector response on 1343, 19 April
1970, to off-beam event. Trace 3 shows the Kurile beam through the filter in Figure 3. Trace 4 is
the detector operating on trace 3.
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Shuttle Signals at Los Alamos (DLI04) and Winnipeg (ISM1)
A
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Figure 12. Raw and filtered traces of two shuttle launches: 23 July 1999, observed at DLIAR;
and 27 May 1999, observed at Lac du Bonnet, Winnipeg. The signal has approximately a
10-minute duration and the peak amplitude arrives near the vertical line.
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Los Alamos DLI04 S/N for 23 July 1999 Shuttle Launch
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Figure 13. Signal and noise spectra of the DLIAR 23 July 1999 shuttle signal. We see that the
peak in S/N is near 1 Hz. At the low-frequency end, the signal is cut off by rising noise.
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Winnipeg ISM1 S/N for 27 May 1999 Shuttle Launch
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Figure 14. Signal and noise spectra for the Lac du Bonnet 27 May 1999 shuttle signal. We see
that the peak in S/N is slightly lower than 1 Hz, but that good S/N extends to approximately
0.2 Hz because the noise spectrum is uncharacteristically flat, revealing the microbarom peak.
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DLIAR, f= 1Hz, Relative Power

Sy, s/km
o

Figure 15. Wavenumber 1 Hz power spectrum of the DLIAR array for a signal arriving from the
north at 0.33 km/sec. We see multiple side lobes with relative amplitude of 0.9 or greater. An
array response of this sort portends grave difficulties in array processing.
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DLIAR + 3, = 1Hz, Relative Power

Sy, s’km
o

Sx, s/km

Figure 16. Wavenumber 1 Hz power spectrum of the augmented DLIAR array to a signal arriv-
ing from the north at 0.33 km/sec. The array is augmented by three additional sensors to the
southeast of DLI04, forming a 200-meter aperture 4-element subarray. This array response is
much better than that in Figure 15, but further analysis is warranted.
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DLIAR + 3, f= 0.5Hz, Relative Power

Sy, s’km
=)

-3 8

Figure 17. Wavenumber 0.5 Hz power spectrum of the augmented DLIAR array to a signal arriv-
ing from the north at 0.33 km/sec. The array is augmented by three additional sensors to the
southeast of DLIO4, forming a 200-meter aperture 4-element subarray. The lack of side lobe over-
lap between this response and the previous one for 1 Hz suggests that an 0.5-1.0 Hz signal might
have few side lobe problems.
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APPENDIX

To: Distribution

From:

Bob Blandford

Subject: Correlation for 23July99 Shuttle Event at DLIAR

Date:

(1)

(2)

04 November, 1999

Figure 1 shows the 706:53 event, with an apparent dura-
tion of about 10 minutes, filtered 0.2 to 5 Hz with
about 45 minutes of noise preceding. Figure 2 shows
the same traces but filtered 0.8 to 1.2 Hz.

We note that there is a substantial amount of noise on
channel DLI02, especially just before arrival of the
signal. The quietest channel appears to be channel
DLIO4.

Figure 3 shows channel DLIO4 in 5 passbands plus a raw
trace. We see that the best S/N is found at 1 Hz and 2
Hz. At 0.5 Hz the S/N is fair and at 0.25 Hz the S/N is
very poor, as was also seen in analysis of the 20/08/98
event at Warramunga in my memo of 02 November.

This event differs from the Warramunga event in that
the S/N is much better at 2 and 4 Hz; even though the
signal has travelled about 2500 km. This was not found
for the Tanana event at Palmyra; however this could be
because the large aperture pipe arrays likely used in
that deployment filtered out the higher frequencies in

the signals.

The coordinates of the array elements are as follows:

LAT LONG
DLI01 35.8741 -106.3325
DLI0O2 35.8636 -106.3254
DLI03 35.8655 -106.3401
DLI04 35.8676 -106.3342

DLIO4 is the central element; DLIO1 is to the N, DLIO2
to the SE, and DLIO3 to the SW.

Correlation analysis of a 260 second window centered on |
the peak signal reveals that the signal arrives on
channels 01 and 04 within 0.1 seconds of each other; so
that the back azimuth may be calculated as within a
degree of the true back azimuth to Cape Canaveral.
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(3)

The table below gives the correlation results for 260-
second windows filtered through bandpasses centered at
1 second period and 0.5 seconds period (0.8-1.2 and
1.6-2.4 Hz respectively). The amplitudes for the 2 Hz
cross-correlations were measured at the same delays
determined for the maxima for the 1 Hz cross-
correlations. This ensures that correlation amplitudes
were measured at the offsets suitable for beamforming
and not at random maxima; which is a risk for low S/N.

Observed r Theoretical r

MF (deg=5)
Inter d(km) relative l.sec .5secC 1.sec .5sec
val azimuth 1.Hz 2.Hz 1.Hz 2.Hz
- degrees

04-01 0.73 90 .69 .32 .72 L17%
04-02 1.04 14 .84 .42 .81 .39
04-03 0.58 34 .84 .67 .91% .67
03-01 1.17 65 .63 .10 .46%# .14
03-02 1.49 20 .76 .25 .60# .06#
02-01 1.41 44 .53 .14 .46 .05

# lies outside 95% confidence interval on observed r

The confidence intervals on observed r were calculated
using the Fisher r to z transform with 208 degrees of
freedom for 1 seconds period, and 416 dof for 0.5
seconds period. The dof are given by 2BT, where B is
the bandwidth and T is the time window for correlation.
For both periods, T is 260 seconds; B is 0.4 seconds
(0.8 to 1.2 Hz) for 2 second period and 0.8 seconds
(1.6 to 2.4 Hz) for for 0.5 second period.

These correlation estimates were corrected for noise as
was done in Blandford (1998) for the Tanana signal. In
general the corrections were modest but significant;
for example the correction at 1.0 second period, for
the distance interval between sensors 03 and 02,
increased the correlation estimate from 0.58 to 0.76.
Before the correction, the correlation would have been
in agreement with the MF theory; afterward the MF esti-
mate of 0.60 lay outside the 95% confidence of 0.70 to
0.81 for the estimated observed value of 0.76.

The noise corrections were performed by calculating the
mean square noise in a representative time period near
the signal, and then subtracting that value from the
trace signal autocorrelations. These corrected auto-
correlations were then used to calculate the denomina-
tor in correlation estimates. Corrections ranged from
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5% to 40%.

(4) Note in the table that the MF theory for squared coher-
ence ("gamma-squared", which they refer to simply as
"coherence") leads to theoretical correlation estimates
(square root of the squared coherence) between elements
which exceed the 95% confidence bounds on the low side
in four cases; and on the high side in one case. I have
been unable to detect any pattern in these results with
respect to direction of propagation. Perhaps one cause
of the failure of theory to fit within the data's con-
fidence bounds is additional variance introduced by the
noise correction procedure.

Overall, the results of this analysis strongly suggest
to me that the MF parameterization is suitable for sig-
nals of interest for monitoring.

In addition, the good S/N in this signal, at 2 Hz and
even at 4 Hz, suggests that the maximum aperture of the
infrasound arrays should be 1 km and, that even for
such arrays, there should be additional elements at
shorter spacings; perhaps a few 100 meters.

The 4 Hz signal with good S/N at 2500 km also suggests
that a sampling rate greater than "10 sps would be

desirable.

A previous study (Blandford, 1998) based on data from
the nuclear test Tanana, also suggested that the MF
theory is appropriate, and suggested that the optimum
aperture of such an array is 1 km, or perhaps even

smaller.

The same conclusion was reached in analysis of the
20/08/98 Warramunga event discussed in my 02 November

memo.

(5) A summary of this memo is that analysis of several
events; including two events for which data recently
became available, supports the conclusion that the
optimum infrasound array aperture is 1 km.

A next step would be to analyze the Shuttle data from
Lac du Bonnet. The §S/N there appears to be somewhat
higher than at DLIAR, and the sampling rate is 20 sps,
so that higher frequencies may be detected.
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